The hemodynamic responses of nine patients with severe coronary artery disease were studied during the precipitation of angina by both supine exercise and increasing rates of atrial pacing. Tension-time index and the first derivative of left ventricular pressure pulse (LV dp/dt) at the onset of angina were significantly higher (P < 0.01) in each patient when angina was induced by exercise than when angina was provoked by atrial pacing. Heart rate, in contrast, was significantly greater (P < 0.05) when angina was precipitated by atrial pacing. Left ventricular end-diastolic pressure (LVEDP) was abnormally elevated in each patient when angina occurred during supine exercise, whereas LVEDP was normal in all patients at the onset of angina provoked by atrial pacing. On the basis of these results it appears that the hemodynamic accompaniments of angina depend to a large extent on the particular circumstances leading to the development of angina. Tension-time index, LV dp/dt, and heart rate are major determinants of myocardial oxygen consumption, and the interrelationships between the determinants of myocardial oxygen consumption are complicated. Thus, changes in any one of these determinants after a therapeutic intervention must be viewed in relation to possible changes in the others. Left ventricular dp/dt has been to measure several hemodynamic parameters at a time when angina has been provoked by either exercise24 or atrial pacing.5 These studies have shown that in a given patient angina induced by atrial pacing occurs at a constant and reproducible heart rate and tension-time index,6 and furthermore, that the tension-time index at the onset of angina is similar in an individual patient whether the angina is induced by exercise or atrial pacing.7 On the basis of such results it would appear that the heart rate necessary to provoke angina during pacing and the hemodynamic response of the left ventricle to pacing and exercise may provide a basis for the assessment of altered myocardial function following revascularization.
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OOBRIEN ET AL.
The reproducibility of the hemodynamic clhanges accompanying the onset of angina is not well defined, however, when angina occurs under different circumstances. Such information would be of importance in interpreting the significance of alterations produced by any therapeutic intervention. Therefore, the present investigation was undertaken to examine and compare several hemodynamic indices measured at the onset of angina when angina was provoked by two different methods in the same patient.
Methods Nine men, aged 42 to 58 years, were studied. All were potential candidates for myocardial revascularization because of severe angina pectoris. Seven patients had a history of previous myocardial infarction, and the diagnosis of coronary artery disease was confirmed by coronary arteriography in all. Clinical signs or symptoms of congestive heart failure were not present in any patient at the time of study, but two patients had symptoms of heart failure in the past.
Studies were performed in the fasting state. Each patient was premedicated with pentobarbital (100 mg, intramuscularly) 1 hour before the study. Right and left heart catheterizations were performed from the right antecubital vein and brachial artery. We measured left ventricular (LV) pressures through a no. 7 Cournand catheter with Statham strain-gauge transducers (P23Db series) and took left ventricular enddiastolic pressure (LVEDP), recorded at high sensitivity, as the point at which the downslope of the a wave coincided with the upstroke of the LV pressure pulse. This point usually occurred approximately 0.05 sec after the Q wave of the electrocardiogram. The zero reference pressure was set at the midchest level. The first derivative of the LV pressure pulse (LV dp/dt) was determined by means of an R/C differentiating circuit (Electronics for Medicine, Inc.). Care was taken to obtain undamped pressure recordings so that dp/dt, derived from pressures obtained through a conventional end-hole catheter, would reasonably parallel measurements obtained by use of a catheter-tip transducer svstem.2 Cardiac output was determined by the indicator-dilution technic with injection of the indicator, indocyanine green, into the left ventricle. Exercise was performed in the supine position on a bicycle ergometer. During the pacing study, all measurements were made with the legs horizontal; during the exercise study, control and exercising values were obtained with the feet elevated and attached to the bicycle ergometer.
Tension-time index (mm Hg sec/mim) was calculated as the product of heart rate, ejection time, and the mean ventricular pressure during ejection8 (mean ventricular pressure was measured by planimetric integration of the ventricular pressure pulse during ejection). The LV stroke work index (LVS WI) was computed as follows:
Where LVSP is the mean LV systolic pressure during ejection and SVI is the stroke volume index.
The pacing study was performed in a manner similar to that described by Sowton and associates.5 After positioning a bipolar pacing catheter in the right atrium, we began pacing at a rate of 5 to 10 beats/min above the resting heart rate and increased the rate by 5 to 10 beats/min until angina occurred. Hemodynamic measurements were made after pacing at each rate for 1 min and at the onset of angina. As soon as the measurements during angina were completed, pacing was discontinued, and angina disappeared in all of the patients within 2 min. After a 10-mim interval the pacing procedure was repeated in each patient to ascertain the reproducibility of the technic. We began the exercise study after a 15-min rest period. Hemodynamic measurements were made after each minute of exercise and immediately after the onset of angina. The statistical significance of differences was evaluated by the paired t-test.
Results
In seven of the nine patients angina occurred both during atrial pacing and exercise. The hemodynamic findings in these seven patients are summarized in table 1. In the remaining two patients angina was readily provoked by exercise but did not occur during atrial pacing. In one of these two, marked pulsus alternans necessitated discontinuing the pacing study after a rate of 143 had been reached. In the other, pain did not occur when the rate was increased up to 153/min; beyond this point it became difficult to maintain pacing control. These latter two patients are omitted from all subsequent analyses.
Tension-Time Index
The tension-time index (TTI) did not change significantly during pacing; however, during exercise it rose significantly (P < 0. Peak Left Ventricular dp/dt
The change in peak LV dp/dt during the pacing study was not significant, but during exercise there was a significant (P <0.01) increase from control values to the appearance of angina ( fig. 1) . Peak LV dp/dt at the onset of angina induced by exercise was significantly higher than when angina was induced by pacing (P < 0.01, fig. 2C ).
Product of Peak Left Ventricular Pressure and Heart Rate
The average value of this index increased in a similar manner from control levels to the onset of angina, whether angina was precipitated by atrial pacing or exercise ( fig.  1 ). No consistent differences were found in the product of peak LV pressure and heart rate at the onset of angina whether it was provoked by exercise or by atrial pacing (fig. 2B ). In Tension-time index, product of peak left ventricular (LV) pressure and heart rate, and peak LV dp/dt at the onset of angina in seven patients. In each panel the closed circles represent the values obtained in individual patients when angina was induced by pacing (on the left) and by exercise (on the right). five of the patients this index was similar at the onset of angina provoked by exercise or atrial pacing; in one patient it was much greater when angina occurred during exercise, and in one patient it was much higher when angina was provoked by atrial pacing.
Left Ventricular End-Diastolic Pressure
The average LVEDP with the feet down (control for the pacing study) was 11 mm Hg. In four of the seven patients the LVEDP increased when the legs were raised, so that the average control value for the exercise study was 17 mm Hg ( 
Ejection Period
The ejection period consistently fell from control levels to the onset of angina both during pacing (P <0.01) and during exercise (P < 0.02, fig. 1 ). The decrease during pacing, however, was significantly greater (P <0.01), leading to a mean ejection period at the onset of angina during pacing of 0.19 sec in contrast to a mean of 0.25 sec during exercise ( fig.  3C ).
Discussion
In patients with coronary artery disease, angina pectoris is presumed to occur when myocardial oxygen requirements exceed the capacity of the diseased coronary arteries to supply sufficient oxygenated blood. Thus, if the maximal capacity to deliver oxygen is similar under various circumstances, angina would be expected to occur when a fairly constant level of myocardial oxygen requirements is exceeded.
The TTI, an index derived from the product of the integrated LV pressure pulse and heart rate, has been found to correlate with myocardial oxygen consumption (MVO2.) under carefully controlled experimental conditions. 9 Although it has been suggested that this, or similar indices, may provide a rough indication of the level of MVO. at which myocardial ischemia occurs,6 10 '6 In addition, the heart rate at which angina occurs during pacing has been proposed as a reliable index of the point at which myocardial ischemia occurs.6 While atrial pacing may prove to be of value in the evaluation of patients with coronary artery disease, its limitations are illustrated by the finding that two of the nine patients with severe coronary disease did not develop pain during atrial pacing although pain was readily provoked by exercise.
In conclusion, we have demonstrated that the hemodynamic accompaniments of angina are variable and depend upon the circumstances under which angina is precipitated. In addition, although TTI, peak LV pressureheart rate product, and the heart rate at which angina occurs during atrial pacing may provide approximate indications of the level of MVO2 necessary to provoke angina, the results of this study emphasize that the significance of any alteration in these indices following therapeutic interventions must be interpreted with caution.
